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Available online 2 December 2015Replication of theHIV-1 virus requires reverse transcription of the viral RNA genome, a process that is speciﬁcally
initiated by human tRNA3Lys packaged within the infectious virion. The primary binding site for the tRNA involves
the 3′ 18 nucleotides with an additional interaction between an adenine rich loop (A-loop) in the template and
the anticodon stem–loop region of the tRNA3Lys. The loop of the tRNA primer contains two hypermodiﬁed base
residues and a pseudouridine that are required for a proper binding and activity. Here, we investigate the inﬂu-
ence on the structure, dynamics and binding stability of the three modiﬁed residues (mnm5s2U34, t6A37 and
Ψ39) using extensive molecular dynamics and Quantum Theory of Atoms in Molecules (QTAIM) analysis.
Consistentwith experiment, the results suggest that the threemodiﬁed residues are required for faithful binding.
Residuesmnm5s2U34 andΨ39have amajor inﬂuence in stabilizing the anticodon loopwhereasmnm5s2U34 and
t6A37 appear to stabilize the formation of the complex of tRNA3Lys with the HIV-1 A-loop.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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The replication process for a retrovirus, as dictated by its RNA
genome, involves producing a double-stranded complementary DNA
copy of its own RNA by the enzyme reverse transcriptase [1,2]. This
process is initiated by speciﬁc interactions between the RNA genome
and a transfer-RNA (tRNA) present in the viral capsid [3]. At aminimum
this involves base-pairing mediated interactions between the genome
and the 3′ end of the speciﬁc tRNA primer, but in HIV an additional in-
teraction is formed between an adenine rich “A-loop” of the HIV-1
RNA genome [4] and the anticodon stem loop (ASL) domain of the
lysine tRNA (isoacceptor 3, termed tRNA3Lys) that is essential to initiate
viral reverse transcription [3,5]. The ASL domain of tRNA3Lys requires
the presence of several naturally modiﬁed bases, including two
“hypermodiﬁed” bases, to achieve a canonical tRNA structure and
these nucleosides are necessary for mRNA programmed ribosome bind-
ing [6,7]. These modiﬁcations also facilitate the binding of the tRNA3Lys
ASL to HIV A-loop [8] oligonucleotides via loop-loop interactions as
evidenced by melting-point temperature (Tm) changes and also from
surface plasmon resonance experiments [8,9]. Modiﬁcations to the
tRNA3Lys anticodonmay also affect tRNA synthetase facilitated packaging
of the tRNA into virions as biochemical studies suggested an. This is an open access article underapproximately 150 to N3000-fold difference in aminoacyl tRNA synthe-
tase recognition for the native tRNA compared to an unmodiﬁed
transcript [10]. The post-transcriptional modiﬁcations present in
human tRNA3Lys are 5-methoxycarbonylmethyl-2-thiouridine, denoted
as mcm5s2U, at position 34; 2-thiomethyl-N-[(9-β-D-ribofuranosyl-9
H-purin-6-yl)-carbamoyl)]-l-threonine, denoted as ms2t6A, at position
37, and pseudouridine, Ψ, in the stem of the loop at position 39 [11,
12] (Fig. 1). The tRNA3Lys requires either ms2t6A immediately adjacent
to the anticodon or one of the wobble position modiﬁcations to bind
r(AAA) in the A site of the ribosomal 30S subunit [13]. The binding of
the r(AAG) lysine codons, in contrast, require a doublymodiﬁed tRNALys
anticodon with ms2t6A37 or t6A37, and either mcm5s2U, mnm5s2U or
with 2-thiouridine at the wobble position [14,15].
Although the Escherichia coli and human tRNALys modiﬁed nucleo-
sides superﬁcially seem distinct, the hypermodiﬁed nucleosides at
corresponding positions have similar functional groups, and therefore
the E. coli tRNALys has beenused as amodel to probe inﬂuences on struc-
ture and binding since this tRNA too must recognize both A and G in
lysine codons [16,17]. The primary anticodon loop sequences are
identical with the only differences centered on detailed functionality
within the hypermodiﬁed bases. In the E. coli tRNA, the ASL contains
5-methylaminomethyl-2-thiouridine, mnm5s2U, at position 34 and N-
[(9-β-D-ribofuranosyl-9H-purin-6-yl)-carbamoyl)]-L-threonine, t6A, at
position 37. Various biochemical, X-ray diffraction, and NMR spectro-
scopic studies have shown that the ASL is conformationally stabilizedthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. a) RNA secondary structure of the anticodon stem–loop (ASL) showing the positions of the modiﬁcations mnm5s2U34, t6A37 and ψ39. The numbering used of the residues corre-
sponds to the numbering of the full tRNA3Lys. The binding loop corresponds to residues 34–36 (blue) and the stem correspond to residues 27–31 and 39–43 (green), b) sequence of the HIV
genome A-loop. The residues that bind with the ASL are shown in blue (164–166) and the stem residues (156–161 and 168–172) are in green; and c) structures of the modiﬁed bases
included in the tRNA ASL. U is for uracil; A adenine; G guanine; C cytosine; mnm5s2U34 is 5-methylaminomethyl-2-thiouridine; t6A37 is N-[(9-β-D-ribofuranosyl-9H-purin-6-
yl)carbamoyl])-L-threonine; and Ψ39 is pseudouridine.
Table 1
The table includes entries for each of the sets of simulation performed in this work. Each of
the systemnames corresponds to a speciﬁc combination of the hypermodiﬁed or standard
nucleotides present in theASL. The siteswhere themodiﬁed residues are located are in the
positions 34, 37 and 39.
System name ASL site U34 ASL site A37 ASL site Ψ39
Wild type mnm5s2U t6A Ψ
Double mutant U A Ψ
Unmodiﬁed U A U
M37 mnm5s2U A Ψ
M34 U t6A Ψ
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singly modiﬁed ASLs bind programmed ribosomes, they are not fully
functional since they do not translocate; this is likely to be the result
of demonstrably weaker codon-anticodon interactions when hyper-
modiﬁcations are absent [18]. NMR studies have shown that less modi-
ﬁed tRNA ASLs tend to be more dynamically ﬂexible, sampling variable
conformations of the anti-codon loop, and generally less base stacking
compared to the canonical structure exempliﬁed by yeast tRNAPhe [17,
19]. These experimental observations suggest that the individual
hypermodiﬁed bases directly inﬂuence the ASL structure. For example,
when U34 is replaced with the hypermodiﬁed and native mnm5s2U34
nucleoside, a major stabilizing effect in the U-turn structure is seen
that involves increased stacking with U35 and stabilized hydrogen
bonding to the phosphate backbone; similar effects have been seen for
the mcm5s2U34 nucleoside found in the human tRNA [9,12,17,20,21].
Introduction of t6A37 instead of an unmodiﬁed adenine, in contrast,
decreases base stacking in the anticodon loop and decreases in the
population of 3′-endo conformation of the bases 33 to 36 in the ASL;
although perhaps counter intuitive, the structural changes induced by
the hypermodiﬁed nucleoside appears to actually stabilize the codon-
anticodon interaction [17,20]. Considering other modiﬁcations,
the threonine side-chain present in both ms2t6A37 and t6A37 appear
to contribute to a canonical structure by increasing the helical twist of
the loop, resulting in a more optimal positioning of the anticodon
nucleotides to form a stable three base pair codon–anti-codon interac-
tion [17]. Structural changes within the tRNA from the A37 hyper-
modiﬁcations ms2t6A37 and t6A37 are very similar and appear to
contribute similarly to HIV primer-template complex formation [17].
Structural studies suggested that the hypermodiﬁed residues could
affect tRNA binding to theHIVA-loop and indicatewhy these promoting
such interactions may inﬂuence the replication machinery of the HIV-1
virus [4,22]. Studies using the E. coli tRNALys isoacceptor that displays
hypermodiﬁed nucleoside patterns analogous to the human tRNA [17]
established that the ms2t6A residue has a major effect in remodeling
the anticodon loop structure [17]. Binding afﬁnities and NMR spectros-
copy studies using a 17-mer A-loop hairpin showed that the E. colimnm5s2U34 modiﬁcation provides an approximately 10-fold binding
stabilization compared to (human)mcm5s2U34, arguing that themeth-
yl ester side chain of mcm5s2U34 does not stabilize the tRNALys U-turn
to the same extent as amine side chain in the E. coli modiﬁcation [9].
The presence of either ms2t6A37 or t6A37 enhanced the formation of
the complex by improving cross-strand stacking and by helping to
maintain an open loop structure [9,20]. Although remote from the anti-
codon proper, the Ψ39 modiﬁcation helps promote a native structure
within the ASL by stabilizing the terminal base pair, however the
additional tRNALys anticodon hypermodiﬁed nucleosides appear to be
critical for attaining a canonical tRNAPhe-like structure [17,23].
To gain further insight in the structure and dynamics of the interac-
tion between the A-loop RNA hairpin with the tRNA3Lys ASL containing
native hypermodiﬁed nucleosides, we conducted extensive molecular
dynamics (MD) simulations, energetic analysis and a topological analy-
sis of the electron density using the Quantum Theory of Atoms in
Molecules (QTAIM). The speciﬁc combination of nucleosides investigat-
ed in our simulations is outlined in Table 1. The structures of the wild
type tRNA ASL and each of the selected variants were simulated under
three conditions: without any complementary oligonucleotide, with a
r(AAA) single stranded minimal model of the codon-anticodon interac-
tion, and with the full HIV A-loop hairpin (Fig. 2).
Fig. 2.Molecular graphic depictions of the tRNAs and complexes used in this work. a) tRNA ASLwith no binding partner. Red, cyan and green residues represent the anticodon residues. b)
tRNA ASL bound to r(AAA). c) tRNA ASL with the 23 residue A-loop binding partner. The numbers indicate the residue position used in the manuscript and correspond to the full HIV ge-
nome numbering where the A-loop is located.
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The reference tRNA ASL structure used was obtained from the
Protein Data Bank [24] PDB entry 1FL8 [12]. The non-standard nucleo-
tide units present, speciﬁcally mnm5s2U at position 34, t6A at position
37 and ψ at position 39, were manually built using Gaussview and the
structures were geometry optimized using the Hartree–Fock level of
theory with the 6-31G(d) basis set [25]. Each optimized structure was
used to generate the charges using the restrained electrostatic potential
methodology (RESP) [26] and the bonds, angles, torsions, improper tor-
sions and Lennard-Jones parameters were based on the general Amber
force ﬁeld (GAFF) [27]. The modiﬁed residues were used in molecular
dynamics simulations as per the generated optimized structures from
theQMcalculations and no tautomeric formwas considered. The librar-
ies for each residue are included in the supplemental information. Using
the generated parameters, each ASL system was built following the
modiﬁcations in Table 1 using tleap, available in AmberTools that is
freely available at http://ambermd.org. The 23 residue A-loop RNAhair-
pin was based on the HIV-1 RNA A-rich loop PDB code 1BVJ [22].
Residues 34, 35 and 36 of the tRNA ASL were manually oriented to
formWatson–Crick bonds to adenines 164, 165 and 166 of the A-loop.
Finally, another set of simulations was built using only an r(AAA)
model bound to the ASL anticodon site, instead of the full 23 residue
A-loop. Each system was built with the initial structures described
(Fig. 2) using the AMBER ff99 [28] force ﬁeld parameters with the
parmbsc0 [29] and the χOL3 [30] modiﬁcations to the force ﬁeld. Explicit
water solvent was added using the TIP3P [31] model in a truncated
octahedral box leaving 9 Å between the solute and the edge of the
box. The charge was neutralized adding Na+ ions, and an additional
excess of NaCl was added to reach a concentration of ~200 mM, using
the Joung-Cheatham ion parameters [32]. Each system (5 combinations
of the wild type and possible mutations present in the ASL were builtand run as the free ASL, with r(AAA) bound to the ASL and with the
full A-loop bound to ASL) was built with three independent copies in
order to get better sampling and statistics leading to a total of 45 simu-
lations. Each copywas identical except for the starting placement of the
ions. The positions of the ions were randomly swapped for water
molecules using CPPTRAJ. The equilibration protocol used for all the sys-
tems started with 1000 steps of minimization using the steepest
descent algorithm followed by 1000 steps of conjugate gradients
minimization. Positional restraints were applied to the solute using a
25 kcal/mol Å2 force constant. Heating was done from 150 K to 300 K
in 1000 ps of MD simulation using the Langevin thermostat at constant
volume and using the same restraints. After heating, the positional
restraintwas decreased from 5 to 0.5 kcal/mol Å2 in 1 kcal/mol Å2 inter-
vals of 2 ns for each step using constant pressure. Temperature was
maintained using the Langevin thermostat, the time step of 2 fs was
used for all the runs and a direct space sum cutoff of 8.0 Å. Trajectory
information was recorded every 1 ps and the PME [33] method was
used to determine long-range electrostatic interactions with default
parameters.
Production simulation was performed for at least 500 ns for each
independent copy. Binding energies were estimated using the MM-
PBSA methodology [34,35] using the MMPBSA.py program available in
AmberTools [34,36]. To better characterize the bound structures in the
energetic analysis, a trajectory was created that contained only the
frames that had RMSD values less than 3 Å from the reference structure
(ﬁrst frame) considering only the atoms in the anti-codon loop
(residues 6–12) and the AAA region of the bound r(AAA) or A-loop.
This ‘bound-frames’ trajectory from each copy was used for the
MMPBSA analysis with an offset of 100 frames for computational efﬁ-
ciency. The CPPTRAJ input script used to generate the bound-frames tra-
jectory is included in Table S1 of the supporting information. The values
for MM-PBSA parameters were 150mM ionic strength with a dielectric
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of the tRNA+A-loop trajectorieswas performed using the average link-
age algorithm with a distance cut-off between cluster centroid of 1.5 Å
using the trajectories of the 3 copies as inputwith an offset of 10 frames.
The clustering analysis involved all the ASL residues, except the two
terminal base pairs of the helical stem. For the A-loop, only residues
164–166 (the r(AAA) residues) were considered in the analysis. Using
the representative structure from the dominant cluster, a quantum
mechanicswave functionwas generated using a single point calculation
with the m06-2x level of theory [37,38] and a 6–311++g(d, p) basis
set. This hybrid meta-GGA DFT functional form the Truhlar group
includes the required electronic dispersion corrections needed to prop-
erly describe the type of systemunder study and allows the single-point
calculation to be calculatedwithin reasonable time.We have previously
used this DFT functional and basis set combination on similar biological
systems obtaining adequate results [39,40]. The calculated wave func-
tion was analyzed under the QTAIM formalism [41]. Connectivity bond
paths, critical points and atomic integration were calculated using ver-
sion 13.11.04 of the AIMAll suite [42]. Hydrogen bonding (CH⋯N,
CH⋯O and S⋯H) intermolecular energies were calculated based on
the Espinosa–Molins–Lecomte (EML) empirical criteria based on the
obtained electron density distribution at the bond critical points of the
hydrogen bonds [43,44]. This approach has been used to successfully
describe the hydrogen bonding energies in similar systems [45–47].
All MD simulations were performed using AMBER12 [48]. The analysis
was performed using CPPTRAJ [49] version 14.06b. Quantummechanic
calculations were performed using the G09-D.01 revision of Gaussian
molecular program [50].
3. Results and discussion
3.1. Stem–loop analysis
The initial analysis indirectly assesses the stability of the tRNA stem
(residues 27 to 31 and 39 to 43, Fig. 1a). This analysis simply character-
izes how far the model structures move away from the experimental
structures. To reduce artifacts caused by terminal base pair fraying
events [51,52], the ﬁrst and second base pairs are not included in the
analysis (only residues 29–31 and 39–41 are considered). The differ-
ences from the respective reference structures are presented via
histograms of the RMSD values relative to the initial structures (Fig.
3). Each individual line represents an independent MD simulationFig. 3. Mass weighed RMSD histograms for the tRNA residues 29–31 and 39–41 (stem
residues, see Fig. 1a). The RMSDwas obtained using the full trajectory for each simulation
and using the ﬁrst frame as reference. Each line (solid, dashed and dotted) represents an
individual simulation with different initial conditions. The top two panels show the
RMSD from the simulations of the free ASL, the middle panels are the ASL with the
bound r(AAA) model, and the bottom two panels are the ASL binding to the full A-loop.(solid, dashed, and dotted). Overlapping of the lines indicates that the
simulations sampled an equivalent RMSD space for the duration of the
simulations. Where only a single peak at low RMSD values is observed,
this suggests sampling near the initial structure; colors distinguish the
different sets of simulations with different modiﬁcations. Peaks at
higher RMSD values suggest movement away from the experimental
or native structures.
The top two panels in the plot of RMSD distributions show the
results from the MD simulations of the free ASL and the results indicate
increased ﬂuctuations away from the native structure, even in the wild
type structure. For example, in the simulations represented by the
dashed black line of the free wild type system, an increase in the
RMSD value of ~1.9 Å starts at 210 ns (refer to the RMSD vs. time
plots in supporting information Fig. S1) and is caused by C2 ﬂipping
toward the major groove, which in turn produces a distortion in the
backbone. This event lasts for ~150 ns and then the residue ﬂips back
to reform the Watson–Crick (WC) pairing with G42. Considering the
middle and bottom panels, it appears that the ﬂuctuations are reduced
when the A-loopmodels are bound, which translates to greater stability
of the ASL stem when the anticodon nucleotides bind the A-loop.
Although ﬂuctuations are present in the free wild type ASL, even larger
ﬂuctuations are observed in theM34 (i.e. unmodiﬁed U34) simulations.
In the case of theM34 system, as shown by the solid green line, there is
an increased RMSD value of ~1.5 Å starting at 250 ns that lasts for the
rest of the simulation. U27 breaks the WC bond with A43 and ﬂips
into the major groove forming a stacking interaction with U41 that is
part of the loop and is not paired. In addition to the low RMSD peak,
all of the trajectories of the free ASL present RMSD ﬂuctuations in the
~1.2 Å range. This second bump in the RMSD distribution corresponds
to internal stem fraying events that cause distortions in the stem.
The middle row of Fig. 3 shows the RMSD histograms for the ASL
bound to the r(AAA) model. In at least one of the independent MD
simulations of the wild type, double mutant, or the unmodiﬁed simula-
tions, the stem appears to be affected by transient fraying effects in the
terminal base pair (residues U27 and A43), leading to higher peaks in
the RMSD distribution. In one of the MD simulations of the double
mutant system (denoted by the solid red line), the r(AAA) model
loses its proper Watson–Crick binding with the ASL loop and results in
the r(AAA) chain stacking with residues U34 to A37. This change in
turn increases the fraying of the base pairs A31–ψ39 in the stem and
distorts the backbone. The event lasts for the rest of the simulation.
Also, in one of the MD simulations of the M34 system (denoted by the
dashed line), there is a fraying event for U27 and C28 starting at
266 ns. Both residues move inside the major groove and interact with
U33 and U34 from the ASL loop. This miss-pairing remains for the rest
of the simulations while concomitantly displaying a wide variety of
transient conformations. Bottom row of Fig. 3 presents the RMSD histo-
grams for the MD simulations of the ASL bound with the A-loop. The
three inner base pairs of the stem remain with their correct WC pairing
and distortion is only detected in the form of short lived fraying of U27
where it transiently ﬂips into the major groove. The longest duration of
these U27 events is present in the MD simulation of the unmodiﬁed
system (solid gray line), where the nucleotide is present inside the
groove for 45–50 ns.
Distribution plots of the RMSD values using all residues of the tRNA
ASL (residues 27 through 43) are shown in Fig. S3 of the supporting
information (RMSD values versus time are included in Fig. S2). The
RMSD distributions clearly show that that the highest convergence be-
tween the independent simulations, and the smallest ﬂuctuations
away from native structure, occurs when the full A-loop is bound to
the fully modiﬁed (wild type) ASL. The next most stable complex is
that of the r(AAA) model bound to the fully modiﬁed ASL (with the
increased ﬂuctuations likely the result of the stem fraying as discussed
previously). This relative stability is apparent by inference based on
the lower ﬂuctuations and greater overlap of RMSD distributions
between independent MD simulations. All of the remaining systems,
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cations likely interfere with the free structure more than the bound),
show increased deviations and suggest a population with multiple
conformations. The ﬂuctuations away from the native structure of the
ASL are caused by a wide range of structural changes ranging from
distortions of the tRNA ASL stem caused by fraying, complete dissocia-
tion of the r(AAA) from the tRNA and the r(AAA) shifting to bind to
other sites, as described.
The scale of the RMSD values shown in the histogram obscures the
fact that some of the RMSD values sampled in the ASL + r(AAA) MD
simulations were rather large (N25 Å), perhaps an indication of either
complete melting or dissociation of the bound ligands. To distinguish
between these possibilities, the completeMD trajectory for each system
was analyzed bymeasuring the distance from the center ofmass (COM)
of U35 of the ASL (the central uracil) to the center of mass of the central
adenine in the r(AAA) (residue 19) in the case of the tRNA + r(AAA)
systems and adenine 30 for the tRNA + A-loop systems (Fig. 2). The
distance plots for the tRNA + r(AAA) systems are shown in Fig. S4 Fig.
4. The MD simulations of the wild type display no signiﬁcant distance
variation in any of the independent MD simulations suggesting the
model codon-anticodon interactions remain intact, i.e. the r(AAA)
strand remains bound. However, in each of the non-wild type MD
simulations, disruption of the r(AAA) binding is seen in at least one of
the independent MD simulations. For example, although the second
and third MD simulations of the double mutant system show the
r(AAA) model bound for the entire simulation, r(AAA) completely
detaches in the ﬁrst MD simulation after ~110 ns of simulation and
moves away from the ASL and into the solvent (structure A of Fig. 4 is
a snapshot at 140 ns). Although after ~180 ns in this simulation the
distance becomes low again, the r(AAA) model instead binds into the
minor groove of theASL and remains there for the rest of the simulation.
More drastic behavior is seen in the simulations of the unmodiﬁed
and M37 ASL. For example, in all of the independent MD simulations
of the unmodiﬁed systems, the r(AAA) model detaches and moves
away from the ASL site, binding in multiple sites of the tRNA loop.
Structure B of Fig. 4 is the snapshot of copy 2 at 325 ns where the
r(AAA) model is bound to the other side of the tRNA. Similarly, the
M37 system shows the r(AAA)model detaching from the ASL and bind-
ing to the tRNA in both grooves and also alternatively by stacking with
the terminal base-pairs. Structure C represents a snapshot at 245 ns
were the r(AAA) strand stacks on the terminal base-pair of the tRNAFig. 4. Distance plots from the center of mass (COM) of residue 35 (colored in cyan in the stru
the r(AAA) strand, refer to Fig. 2). Each line (black, red and cyan) represents an individual
marks in the plot.loop. In the case of the M34 system, although the r(AAA) strand is
bound to the ASL for 150+ ns and the distances remain fairly low
throughout, disruption in the r(AAA) binding is observed. For example,
in some cases the WC pairing is partially lost. In those simulations the
r(AAA) strand does not detach completely from the ASL site, but
remains in the vicinity of the 3 residues of the ASL. For example, in
one of the MD simulations the bound structure is partially lost when
A20 of the r(AAA) strand loses WC pairing with mnm5s2U34 in the
ASL due to an ε/ζ dihedral RNA backbone conformational shift. The
residue mnm5s2U34 from the ASL loses binding with the r(AAA), resi-
due A20, and causes the WC binding of A19 to break, which allows the
formation of stacking interactions with mnm5s2U34 and U35 of the
ASL. By ~250 ns, A18 of the r(AAA) is stacked with t6A37 of the tRNA.
Stabilization of the binding is likely caused by a stacking interaction
betweenA18 of the r(AAA) strand and the t6A37 residue of the ASL. This
is also true in one of the other MD simulations (copy 2) where the WC
bonds between the ASL and r(AAA) residues remain formed for
~180 ns. However, at ~190 ns, the bond between the NH–C atoms
(between the α–γ bond, Fig. 1) of the ASL t6A37 residue turns ~140°
effectively breaking the hydrogen bondof the oxygen present in the car-
bonyl group of t6A37 with one of the hydrogen atoms from N6 of A18.
This causes the instantaneous separation of A18 of the r(AAA) strand
and subsequent loss of the WC bonds for the rest of the adenines. The
A18 of the r(AAA) strand moves closer to t6A37 of the tRNA, this brings
U36 closer to A19 and U35 to A20, which after ~80 ns restores WC
pairing, but in a mismatched manner. The A18 residue loosely interacts
with the backbone between t6A37 and A38 of the ASL. In the case of
copy 3 of the M34 system, only the A20 loses WC bonding with
mnm5s2U34 in a similar way as copy 1, while A18 and A19 remain
bound in an appropriate fashion toU35 andU36, respectively. Consider-
ing the RMSD population information (Fig. S3) and the distance mea-
surements between the tRNA and the r(AAA) in Fig. 4 extracted from
three individual simulations, we observe that the interaction of
r(AAA) is signiﬁcantly more stable with the wild type ASL. The unmod-
iﬁed and M37 systems showed destabilizing events that lead to the
complete melting of the complex, while the M34 and double mutant
system showed partial separation that led to mismatched binding and
short lived structures.
The distance between the COMof U35 of the ASL and A30 in the A-
loop for each system is shown in Fig. S4. In contrast to the ASL+ r(AAA)
systems previously described, the simulations of the ASL + A-loopctures on the right) of the ASL to the center of mass of the central adenine (residue 19 in
copy for each system. The structures on the right are extracted at each frame from the
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plots (bottom row, Fig. S3) and by the distance analysis. Distance
ﬂuctuations do not exceed the 1 Å range, suggesting that the
ASL + A-loop complex binding is conserved for the length of the MD
simulations. However, for copy three of the double mutant system,
binding between U36 and A166 of the A-loop is lost, which in turn
causes the rest of the WC pairing to be disrupted. Although the two
substrates remain bound for the rest of the simulation, this binding is
only mediated by stacking interactions and does not include codon-
anticodon base pairing.
Using the raw trajectories of the three copies for each system, we
performed a clustering analysis based on residues A29 to U41 (this
includes the stem excluding the ﬁrst two base pairs and the ASL)
and the 3 adenines of the A-loop (164 to 166). The CPPTRAJ input
for this analysis is included in the supporting information, and the
representative structures from the ﬁrst and second most populated
cluster are shown in Fig. 5 for each tRNA+A-loop system. As a result
of the small tolerance for inclusion in a cluster, the two most popu-
lated clusters for all the tRNAs contain structures that have the ASL
in direct interaction with the A-loop. With the exception of the dou-
ble mutant tRNA, the clusters of all the systems show base pairing
between the ASL and the adenines of the A-loop. In the double mu-
tant case, the 2nd cluster shows that U36 of the ASL ﬂips toward
the major groove and t6A37 forms a loose pairing interaction
with A166 as was seen in the distance and RMSD plots discussed
previously.
It is important to mention that the clustering analysis was
performed using a cut-off value of 1.5 Å, which is the structural thresh-
old value to be included in a cluster. With this value, the analysis gener-
ates a large number of clusters that contain only a few short-livedFig. 5. Representative structure pairs from the cluster analysis for each ASL systemwith the A-lo
the second most populated. The 3 copies were used for the cluster analysis. Red, cyan and gree
drogen atoms are hidden for clarity.transient structures, however these also represent only a small fraction
of the total trajectory population. Visual inspection of the low populated
clusters showed (predominantly) structures where the adenines in the
A-loop are not fully involved in a WC interaction with the ASL. Subse-
quently, the low ε value was adjusted until the analysis resulted in a
majority of structures were the tRNA is actually bound to the A-loop.
The clustering results serve as a reminder that when the structures are
dynamic and involve smooth transitions between conformations, as
opposed to sampling distinct states that are easy to partition, care has
to be taken to adequately explore and optimize the clustering [53].
The population percentages for the ﬁrst two clusters and the RMSD
values between the starting crystal structure and the representative
structure for each cluster (considering only heavy atoms of residues
34 to 36 of the ASL) are shown in
Table 2 The representative structures for the ﬁrst and second cluster
are shown in Fig. 5. For the wild type and theM37 systems, the popula-
tion in the ﬁrst two clusters was over 60%, which suggests that the
majority of the sampling explored an ASL + A-loop bound conforma-
tion with less than 1.5 Å of structural difference. The ﬁrst cluster of the
double mutant system only showed ~37% of the total population in
the bound conformation (the lowest value in the series), and this ASL
also has the highest population in the second cluster (~21%). Visual
inspection shows that the U36–A166 interaction is not maintained in
the ﬁrst cluster, and this base pairing loss is more pronounced in the
second cluster where the RMSD value increases to 2.1 Å (see Fig. 5, res-
idue 36 is in green). The unmodiﬁed and theM34 both have around 50%
of population in the total sampling time for the 1st cluster. Except for
cluster two of the double mutant system, RMSD values of less than
1.3 Å are detected for the representative structures of both clusters for
all the complexes.op partner. The left structure represent themost populated cluster and the right structure
n are residues 34, 35 and 36 of the ASL. In yellow are the 3 adenines from the A-loop. Hy-
Table 2
Fraction of structures presentwithin a 1.5 Å cut-off between the 1st and 2nd clusters using
the combined trajectories. CPPTRAJ input for this analysis is included in the supporting
information. Third column shows the RMSD value between the 1st and the 2nd cluster's
representative structure and the experimental starting structure. RMSDs were obtained
using only heavy atoms for residues 33 to 37 of the tRNA.
System % of population
for 1st cluster
% of population
of 2nd cluster
RMSD vs exp. (Å)
Wild type + A-loop 65.9 6.4 0.7/0.8
Double + A-loop 36.8 20.8 0.6/2.1
Unmodiﬁed + A-loop 50.8 15.9 0.9/1.3
M37 + A-loop 61.2 10.9 0.8/1.1
M34 + A-loop 48.2 12.9 1.0/1.0
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Lys + r(AAA) and tRNA3
Lys +
A-loop
Each modiﬁcation in the ASL changes the local RNA structure and
alters the binding interactions with the r(AAA) and the A-loop. The
modiﬁed bases, particularly the 2-thio modiﬁcation of mnm5s2U34,
have an intrinsic effect on the nucleotide sugar pucker distributions of
the tRNA ASL [12,17]. The percentage of C3′-endo conformation seen
experimentally and in the various MD simulations for the ASL in each
system is presented in Table 3, and the normalized population histo-
grams of the puckering population are shown for U34, U35 and U36 in
Fig. S5. In the bound forms, the U34 sugar conformation is stabilized
in the C3′-endo form upon modiﬁcation to mnm5s2U34 as has been
seen experimentally. Paradoxically, in the simulations of the tRNA
systemswithout a binding partner the values of the C3’-endo conforma-
tionwere only between 21 and 42% formodiﬁed U34, but the neighbor-
ing uridines are stabilized in the C3’-endo form by mnm5s2U34. Upon
binding of the r(AAA) strand, the sugar conformation is more populated
in the 3’-endo for thewild type, double andM34 systems, and this effect
is accentuated upon A-loop bindingwhere in these tRNAs position 34 is
more than 50% C3′-endo.Table 3
Percentage of C3’-Endo ribose conformation. Experimental value obtained from [17]. Data
extracted from the ﬁltered trajectories using all three independent simulations.
Wild
type
Double Unmodiﬁed M37 M34
U33
Exp. 57 55 NA 67 38
No-binder 79 ±9 78 ±9 82 ±9 70 ±9 81 ±9
r(AAA) 86 ±8 77 ±9 73 ±9 81 ±9 47 ±9
A-loop 79 ±8 79 ±9 73 ±9 85 ±9 73 ±9
U34
Exp. 66 25 NA 60 21
No-binder 35 ±9 21 ±9 35 ±10 42 ±9 62 ±9
r(AAA) 63 ±9 61 ±10 44 ±10 36 ±9 55 ±10
A-loop 55 ±8 52 ±9 45 ±10 60 ±9 51 ±9
U35
Exp. 24 15 NA 32 13
No-binder 38 ±9 37 ±9 29 ±8 64 ±9 77 ±8
r(AAA) 76 ±9 60 ±8 45 ±9 65 ±9 69 ±9
A-loop 77 ±9 50 ±8 45 ±9 73 ±9 56 ±9
U36
Exp. 24 28 NA 39 19
No-binder 31 ±9 38 ±9 13 ±8 71 ±8 85 ±8
r(AAA) 92 ±8 67 ±8 19 ±9 65 ±9 79 ±9
A-loop 89 ±8 68 ±8 90 ±8 93 ±8 90 ±8
A37
Exp. 66 76 NA 79 61
No-binder 69 ±8 73 ±8 77 ±8 84 ±8 85 ±7
r(AAA) 80 ±7 66 ±8 51 ±8 78 ±8 85 ±7
A-loop 81 ±7 83 ±8 70 ±8 85 ±7 86 ±7In the double mutant system, the experimental values show the
anticodon uridines are mainly in the 2′-endo conﬁguration, which is
also observed in the tRNA simulations without a binding partner.
Upon binding of either r(AAA) or A-loop the population of the C3′-
endo sugar pucker increases. Residue U33 does not change conforma-
tion considerably in the free or bound state. Residue A37 is in good
agreement with experiment when no binder is present, staying in the
C3′-endo conﬁguration between a range of 69–85%. In the complexes
thepercentage of C3′-endo conformation for A37 is increased, especially
for the full A-loopwhere the range is between 70 and 86% for all the ASL
variants. NMR observations and computational studies report a natural
tendency of the unpaired loop uridines to bulge and to not form a stable
U turn [12,18]. Consistent with this property, the experimental data for
U36 indicates a 2′-endo ribose conformation regardless of themodiﬁca-
tions present. This is also true in our free ASL simulations except for the
systemsM37 andM34where the percentage of C3′-endo conformation
is above 71% in both cases. When the simulations have either r(AAA) or
the A-loop bound, the C3′-endo conformation is at least 65% in the
analyzed trajectories, except for the completely unmodiﬁed system
bound to r(AAA), which still shows preference for a C2′-endo conﬁgura-
tion. In this system, the r(AAA) strand dissociates in all the simulations,
explaining the lack of preference to the 3′-endo conﬁguration. In con-
trast, in simulations of the unmodiﬁed ASL bound to the A-loop, the ca-
nonical RNA pucker conformation is maintained 89% of the time for
residue 36 as is seen in the other ASLs complexed with the A-loop.
This also suggests that either mnm5s2U34 or t6A37 can shift the pucker
distribution of U36 toward 3’-endo, that binding of the A-loop stabilizes
the ring puckering, and that this in turn stabilizes the U-turn of the ASL.
This hypothesis is supported by experimental observations that a
system containing the hypermodiﬁed residues is required to enhance
the formation of a canonical U-loop and induce a proper binding. How-
ever, it is also clear that there are discrepancies between the sugar-
puckering distributions seen in the MD simulations and those observed
experimentally.We have seen that complex formation between the ASL
and the A-loop is stable, were the A-form geometry of the A-loop nucle-
otides facilitates binding by preordering a complex geometry character-
ized by A-form structure. Aside from the wild type system, the other
ASLs showed a greater preference to populate C3′-endo structure than
is seen experimentally. These discrepancies are likely attributed to the
RNA AMBER force ﬁeld that may cause the C3′-endo conformation to
be over-populated as described previously. Other additional artifactual
behavior observed related to several known weaknesses in the RNA
AMBER force ﬁeld include over stacking of the bases, and erroneous
conformational sampling that has been observed with small RNA
tetra-nucleotides [54]. Addressing and correcting these limitations is
an ongoingprocess in our laboratory, and demanding systems likemod-
iﬁed tRNA ASLs provides a rigorous test of our progress.
To study the mobility of each residue of the ASL when in contact
with either the r(AAA) or the A-loop, we extracted the atomic RMS ﬂuc-
tuations values for each residue in the ASLs. Per-residue RMSDs for each
ASL are presented in Fig. S6 and data for the r(AAA) or the A-loop is
shown in Fig. S7. Large ﬂuctuation values are detected for the terminal
base pairs as has been observed in previous simulations with RNA and
DNA [51,52,55]. Residues 29 to 31 and 40 to 42 that are part of the
stem show ﬂuctuations of less than 1.0 Å in every case. Residues 32–
28 in the loop show various levels of ﬂuctuations depending on the
binding partner and themodiﬁcation status. In general, the ﬂuctuations
of the ASL residues are lower when bound to the A-loop. This agrees
with the RMSD histogram analysis shown above for the stem and the
ASL residues (Fig. 3 and Fig. S3 respectively).When the ASL has no bind-
ing partner present, the ﬂuctuations for residues 34, 35 and 36 are
between ~2–3 Å caused mainly by nucleotides 34 and 36 continuously
shifting conformations and reforming stacking interactionswith the ad-
jacent bases. Fluctuations for the wild type system when bound to
r(AAA) or the A-loop show ﬂuctuation values between ~1–2 Å, suggest-
ing a reasonable stable conﬁguration. Similarly, for the M37 and M34
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for all three copies. The unmodiﬁed system with the r(AAA) strand
shows a wide range of ﬂuctuations between ~2–9 Å characterized by
mismatched base pairing and ﬂipping of the residues between the ASL
and the r(AAA) bases.
The ﬂuctuations of the free ASL systems originate from the lack of
stabilizing bonds around the loop that allow the residues of the loop
to interact with the stem or with fraying base pairs when an opening
event occurs. When the wild type is bound to either the r(AAA) or the
A-loop, the ﬂuctuations of the ASL residues are no more than 0.5 Å.
Copy 1 of the Double + r(AAA) system shows ﬂuctuations between 2
and 4 Å in the ASL residues as a result of the loss of WC bonds with
r(AAA) and when the residues of both the ASL anticodon bases and
the r(AAA) bases sample multiple stacking conformations. These
multiple conformational interactions are apparent from the tRNA loop
populations shown for this system in Fig. S3. All the copies of the un-
modiﬁed ASL + r(AAA) present large ﬂuctuations of 4 to 8 Å, which is
to be expected as the WC binding with the r(AAA) is lost early in the
simulation in each of the 3 copies.3.3. Energy analysis
One of the main purposes of this study was to determine whether
the energetic binding analysis of the simulation trajectories was able
to reproduce the experimental binding data and reveal the effect that
the hypermodiﬁed nucleotides have on binding interactions. We
applied the MM-PBSA method, following the procedure described
before, to each of the copies of the tRNA + r(AAA) and tRNA + A-
loop datasets (Table 4). For both of the binding partners, the wild type
ASL containing mnm5s2U34, t6A37 and ψ39 modiﬁed bases has the
lowest energy, forming a stable complex between the tRNA and the
complementary RNAs. In the case of tRNA + r(AAA), the under-
modiﬁed systems show a less favorable interaction, however the energy
range is small. For the tRNA+A-loop systems, removal of the wild type
hypermodiﬁcations destabilizes the interaction with the A-loop, and
this is most dramatic for the double mutant. The detailed trends seen
experimentally are not evident from the MM-PBSA analysis, although
the fundamental observation thatmodiﬁcations stabilize the complexes
is recapitulated.
It is known that theMM-PBSAmethodology does a rather poor job of
actually calculating ΔGbinding as we can see from the results obtained
from the simulations are an order of magnitude larger than the experi-
mental values [56]. Also, the energy differences are in the order of ~1–4
kcal/mol. These differences in stabilizing energy between the systems
are too small to be considered statistically relevant and only allow rath-
er broad conclusions. We can only suggest that the fully modiﬁed tRNA
ASL presents the most stable interaction with the HIV-1 adenine rich
loop.
To study the interaction energy of the 5 different tRNA ASL+A-loop
systems at a QM level, we calculated the Eint using the same wave
function used for the QTAIM analysis (see Methods for details). TheTable 4
MM-PBSA binding energy results for the tRNA + r(AAA) and tRNA + A-loop using the
‘bound-frames’ trajectory. The average value for each of the 3 simulations is shown with
standard deviation in parenthesis, values are in kcal/mol, Eint extracted following Eq. (1)
and the Eint value of the wild type system is subtracted from each subsequent entry.
System name tRNA + r(AAA) tRNA + A-loop ΔG Exp [9]. Eint
Wild type −19.8 (0.3) −20.2 (0.7) −5.6 (1.2) –
M37 −18.0 (0.7) −16.3 (0.2) −4.7 (2.1) −87.9
M34 −17.9 (0.2) −16.5 (0.4) −3.6 (1.8) −50.4
Double mutant −17.4 (0.1) −13.3 (1.7) N. A. −140.5
Unmodiﬁed −18.0 (0.3) −16.7 (0.1) N. A. −144.0Eint was then calculated using the equation:
Eint ¼ E ASLþA−loopð Þ−E intð ÞE A−loopð Þ: ð1Þ
The Eint value for eachmutation is then subtracted from the value of
the wild type system (Table 4). The numbers correspond to the energy
of interacting electrons in the gas phase of the bound complexes and
larger values translate to a higher level of interactionwhen the complex
is formed than to the individual components. From the results of Eint, the
M34 andM37 systemshave the lowest interaction energy,which agrees
with the experimental results. This observation suggests that themutat-
ed systems with either of the modiﬁed residues produce a bound com-
plex with a more stable interaction between both ASL and A-loop than
an unmodiﬁed anticodon loop.
3.4. Electron density analysis of the tRNA + A-loop binding
Further information can be extracted about the inﬂuence in the
hypermodiﬁed residues by studying the topology of the electron density
from the various tRNA ASL systems paired with the A-loop. Using the
clustering analysis and subsequent generation of a quantumwave func-
tion,we performed QTAIM analysis as deﬁned in theMethods section. A
complete weak bonding interaction analysis between the model sys-
tems and the A-loop is presented using the bond paths traced in each
electron density distribution. The bond path has been deﬁned as the
line linking interacting atoms where a maximum of electron density is
found and the electron density and its Laplacian values at the bond crit-
ical point has been shown to be correlated in a linearmannerwith inter-
action and stabilization energies [45–47,57–59], therefore the values for
the bond critical points (BCP) and bond paths will aid in the character-
ization and stability of the ASL + A-loop binding. The physical basis,
properties of atomic interactions, and detailed theory can be found else-
where [41,60]. In Table 5we see the values for the electron density (ρBCP
or ρb), the value of the Laplacian of the electron density (∇2 ρb), and the
ellipticity (ε) at each bond critical point (BCP) found for each system.
Additionally, we present the values for the distance between each
atom pair and the length of the bond path (bond path length, BPL).
Each value refers to one of the 3 bond paths found in eachWC hydrogen
bond (HB-I, HB-II and HB-III) pairing interaction between the ASL resi-
dues and the A-loop (see additional labeling of ASL residues in the
supporting information, Fig. S8). The atom pair O2–H2 of the M37
system was the only pair that did not produce a bond path, which
means that the interaction in that particular site is unstable. The rest
of the systems did produce bond paths between the ASL residues and
the adenines in the A-loop. The weakest interactions correspond to
the S⋯H2 hydrogen bond for the wild type and M37 systems; and the
O2⋯H2 in the double, native and M34 systems which have a ρb in the
range ~0.003–0.008 au (HB-III). The hydrogen bond located atHB-III be-
longs to the major groove of the ASL, and also shows the longest BPL
(~5.1–6.5 Å). The wild type system presented the highest value of ρb of
0.086 au for the HB-III. This value, compared to reference values of hydro-
gen bonds (ranging from0.034 au for a strong hydrogen bond to 0.007 au
for a weak H-bond [59,61]) still shows a strong stabilization interaction.
The ρb values at HB-I and HB-II for the rest of the systems show values
in the range of ~0.017–0.051 au. Overall, there is a higher concentration
of electron density in the HB-II position of U35 in all the systems, which
can be interpreted that the main stabilizing interaction is localized in
the U35 position. The native system has the maximum value of 0.05 au.
This is expected since this system does not include any modiﬁcations
and has a lower number of atoms. For the U36 site, the range of ρb is
~0.017–0.027 au, except M37 with a value of 0.0049 au. The electron
density data obtained from the BCP of each of the 3 hydrogen bonds in
the U34, U35 and U36 positions of the ASL suggests that the main contri-
bution for stabilization is the interaction in the U35 HB-II site.
The Laplacian values for the HB-I, II and III of all the systems are pos-
itive, which is expected for closed-shell type of interactions. The same
Table 5
Properties for the Watson–Crick pairing for each tRNA + A-loop system. The values correspond to the 3 bond paths (and their associated bond critical points) between the ASL and the
adenines in the A-loop only. The site column refers to the position in the ASL, the atoms column refer to the atom pair that is forming the bond path (the ﬁrst entry is always the ASL and
then the A-loop, refer to additional labeling in the supporting information). Entries are in atomic units (au), angles in degrees and EEML presented in kcal/mol. Angle is between the donor
atom of the hydrogen and the acceptor atom in degrees. GBL is geometric bond length and BPL is bond path length and their difference (GBL–BPL).
Site Atoms ρb ∇2ρ ε GBL BPL BPL–BGL Angle AH···B EEML
Wild type
U34 S–H2 0.009 0.026 0.025 5.533 5.550 0.017 102.8 −1.25
U34 H1–N1 0.030 0.087 0.074 3.785 3.789 0.004 156.3 −7.44
U34 O1–H6a 0.027 0.083 0.016 3.733 3.736 0.003 172.2 −7.05
U35 O2–H2 0.004 0.014 0.127 5.614 5.648 0.034 126.3 −0.60
U35 H1–N1 0.029 0.083 0.154 3.817 3.827 0.011 132.7 −7.05
U35 O1–H6a 0.031 0.100 0.027 3.601 3.604 0.003 165.6 −8.56
U36 O1–H2 0.005 0.018 0.101 5.362 5.389 0.027 114.2 −0.87
U36 H1–N1 0.042 0.106 0.050 3.455 3.459 0.003 174.5 −10.24
U36 O1–H6a 0.024 0.078 0.028 3.810 3.818 0.008 159.0 −6.54
Double mutant
U34 O2–H2 0.005 0.018 0.289 5.405 5.405 0.084 118.7 −0.83
U34 H1–N1 0.038 0.098 0.058 3.553 3.553 0.002 161.6 −9.12
U34 O1–H6a 0.037 0.127 0.019 3.424 3.424 0.005 173.3 −10.44
U35 O2–H2 0.003 0.014 0.258 5.660 5.660 0.058 115.7 −0.55
U35 H1–N1 0.041 0.108 0.054 3.472 3.472 0.003 160.9 −10.15
U35 O1–H6a 0.037 0.127 0.019 3.423 3.423 0.005 171.4 −10.32
U36 O2–H2 0.003 0.013 0.180 5.744 5.744 0.038 111.6 −0.48
U36 H1–N1 0.036 0.100 0.072 3.574 3.574 0.003 151.3 −8.97
U36 O1–H6a 0.027 0.087 0.016 3.699 3.699 0.006 169.5 −7.37
Unmodiﬁed
U34 O2–H2 0.003 0.015 0.924 5.652 5.773 0.120 117.1 −0.60
U34 H1–N1 0.035 0.092 0.040 3.598 3.599 0.001 170.6 −8.42
U34 O1–H6a 0.017 0.051 0.012 4.149 4.152 0.003 173.7 −4.49
U35 O2–H2 0.006 0.024 0.278 5.175 5.266 0.091 117.2 −1.17
U35 H1–N1 0.051 0.129 0.044 3.293 3.293 0.000 171.1 −12.86
U35 O1–H6a 0.024 0.070 0.015 3.857 3.858 0.002 171.5 −6.38
U36 O2–H2 0.004 0.015 0.196 5.558 5.616 0.058 121.2 −0.64
U36 H1–N1 0.031 0.084 0.056 3.722 3.723 0.001 160.1 −7.53
U36 O1–H6a 0.017 0.052 0.030 4.154 4.157 0.003 159.1 −4.43
M37
U34 S–H2 0.003 0.009 0.186 6.553 6.624 0.072 108.3 −0.36
U34 H1–N1 0.010 0.033 0.138 4.796 4.820 0.023 137.0 −2.11
U34 O1–H6a 0.024 0.073 0.025 3.850 3.853 0.003 160.8 −6.42
U35 O2–H2 0.000 0.000 0.000 6.109 0.000 0.000 167.8 −7.34
U35 H1–N1 0.031 0.079 0.046 3.735 3.736 0.001 176.0 −9.23
U35 O1–H6a 0.033 0.111 0.014 3.521 3.525 0.004 127.6 −0.87
U36 O1–H2 0.005 0.019 0.097 5.355 5.396 0.040 163.0 −10.21
U36 H1–N1 0.041 0.110 0.052 3.457 3.460 0.003 162.7 −6.75
U36 O1–H6a 0.005 0.019 0.097 5.355 5.396 0.040 127.6 −0.64
M34
U34 O2–H2 0.004 0.015 0.138 5.549 5.549 0.043 128.0 −0.64
U34 H1–N1 0.034 0.088 0.048 3.646 3.646 0.002 173.9 −8.01
U34 O1–H6a 0.020 0.064 0.015 3.950 3.950 0.006 170.5 −5.39
U35 O2–H2 0.004 0.017 0.220 5.466 5.466 0.038 134.1 −0.73
U35 H1–N1 0.041 0.115 0.041 3.434 3.434 0.009 163.4 −10.58
U35 O1–H6a 0.025 0.086 0.026 3.731 3.731 0.007 158.6 −6.97
U36 O2–H2 0.004 0.017 0.239 5.480 5.480 0.053 121.9 −0.74
U36 H1–N1 0.044 0.114 0.047 3.406 3.406 0.000 173.3 −10.87
U36 O1–H6a 0.022 0.067 0.019 3.916 3.916 0.004 167.3 −5.89
615R. Galindo-Murillo et al. / Biochimica et Biophysica Acta 1860 (2016) 607–617trend is observed here where the HB-III has an average lower value
(~0.009–0.026 au) when comparing HB-I (~0.05-0.1) and HB-II
(~0.03–0.1 au). As mentioned before, the longest bond paths corre-
spond to the HB-III interactions that ﬂuctuate between distances of
~5.1–6.5 Å, thus, the highest deviation from linearity between the geo-
metric distance and the bond path length is observed here. The HB-I
show linearity deviation values from ~0.002–0.008 and for HB-II is
~0.001–0.07. The largest deviation for HB-I and HB-II is observed in
theM37 systemwhich also showed the lowest values of electron densi-
ty accumulation in the BCP. For each of the bonds, the highest values in
ellipticity (ε) are found inHB-III (~0.9–0.02 au)with special attention to
the wild type system in O2⋯H2 (ε=0.924), which as it approaches to
unity represents a structurally unstable and short lived bond [45–47,
57–59]. The remaining ellipticity for HB-I and HB-II do not exhibit a
large deviation (range of ~0.010–001 au).One of the key elements of stability in the tRNAASL+A-loop binding
is related to the side chain of t6A37. The presence of this residue in the
wild type system forms bond paths from an oxygen atom (t6A37O4)
of the carboxyl group in the α chain to H6b of A166 and from the
same oxygen atom t6A37O4 to A166N7, as we can observe in Fig. 6.
The electron density values are 0.024 and 0.007 au respectively. Similar-
ly, the aminenitrogen (N6) from the threonine group present in the side
chain of t6A37 forms a bond path with the same hydrogen of A166
(H6b) with a ρb of 0.010 au.
From theU34 site, another important point of stabilization is the sul-
fur atomofmnm5s2U present in thewild type andM37 systems. In both
occasions, the sulfur forms a bond path with H2 from A164. The values
of ρb at the bond critical point are 0.0086 and 0.0032 au for thewild type
and M37 respectively (∇2ρ of 0.025 and 0.008 and ε of 0.024 and
0.18 au). Even though the bond paths created are from the same atom
Fig. 6. Bond paths for the pairing between U36 of the ASL and A166 of the A-loop. Also shown is t6A37 with the bond paths toward the A166 residue. On the right is the wild type system
and on the left is the M34 system. The black arrows point toward the C1′ carbon of the sugar moiety. Bond paths are dashed lines and critical points are in green.
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system. The reason for this is that the adenine at A164 is closer to the
U34 site in the wild type systems. The bond path length between the
sulfur atom and A164H2 is 5.5 for the wild type and 6.6 for the M37.
This agreeswith the higher value of the ellipticity for that particular crit-
ical point in the M37 system.
For the M34 system that also has t6A37, the same bond paths are
found toward the same atoms of A166 with ρb values of 0.018 and
0.006 au respectively. Also, a bond path between the amine nitrogen
toward H6b is detected with a value of 0.013 au (See Fig. 6).
4. Conclusion
In general, molecular simulations demonstrate complex destabiliza-
tion as modiﬁcations are removed, consistent with experiment. The
least stable system is the completely unmodiﬁed anticodon stem loop
that omits mnm5s2U34, t6A37 and Ψ39. The destabilization is evident
for both the r(AAA) and the complete A-loop complexes. Energy analy-
sis shows thewild type systems are themost favorable bound structures
when either the r(AAA) or A-loop partners are used in simulations. For
the r(AAA) system, either singly mutated system, M37 or M34, show a
similar binding energy trend with only a minimal preference for the
M37 (a negligible 0.1 kcal/mol difference). The same trend is observed
in the consistently more stable A-loop systems. From the simulated
structure stability analysis, the t6A37 residue is more stabilizing than
mnm5s2U34, in agreement with the experimental results [12]. The
removal of both modiﬁed RNA residues (mnm5s2U34 and t6A37) is
not more destabilizing than removing only one, although once again a
slight preference is observed when retaining t6A37. The threonine side
chain present in the t6A37 residue is involved in multiple interactions
that stabilize the loop of the tRNA itself, and provides interactions that
improve binding with the A-loop. The U36 residue is stabilized by the
hypermodiﬁed base t6A37, otherwise it switches toward the groove
and destabilizes the U-turn. Both mnm5s2U34 and t6A37 are involved
in the stabilization of the ASL loop itself and promote binding, whereas
the pseudouridine is fundamental for promoting a stable stem structure
that helps orient the residues on the 3′ side of the anticodon. We can
suggest that the relevance is in the order of t6A37 Nmnm5s2U34 NΨ39
Ψ39 based on our results, but the full complement of modiﬁed residues
present in the ASL provide a coordinated array of ﬁnely tuned and spe-
ciﬁc stabilization points that contribute to stable formation of the tRNA/
A-loop-complex. This work provides a deeper understanding on the ne-
cessity, roles and structural properties of the hypermodiﬁcations pres-
ent in the tRNA anticodon stem loop that are involved in a critical step
in HIV-1 viral replication.
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